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ARTICLE INFO ABSTRACT

Background: PCA3, a non-coding RNA, has been approved as a potential urinary biomarker for prostate cancer.
However, PCA3 urine tests have some limitations. Therefore, we developed a colorimetric method for PCA3
detection in urine.

Keywords:
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Gold nanoparticle

PCA3 Methods: The assay was based on interactions between unmodified gold nanoparticles (AuNPs) and thiolated
E;?;Zate cancer PCR products. Thiolated PCR products were amplified by RT-PCR using a thiol-labeled primer at the 5’ end.

Thiolated products of PCA3 bound to the surface of AuNPs and led to the prevention of salt-induced aggregation
(red color). In the absence of the PCR products, AuNPs changed their color from red to blue due to the salt-
induced aggregation. These changes were detected by the naked eye and spectrophotometer.

Results: Our assay was specific for PCA3 in prostate cancer cell lines with a visual detection limit of 31.25ng/
reaction. The absorption ratio 520/640 nm was linear against PCR product concentration (R* = 0.9798) in the
reaction. This method is promising for discrimination of prostate cancer patients from both healthy controls and
benign prostatic hyperplasia patients according to their urinary PCA3 expression levels.

Conclusions: This study established a simple, rapid, sensitive and specific assay for PCA3 detection which may be

applicable for prostate cancer diagnosis.

1. Introduction

Prostate cancer (PCa) is one of the most common types of malig-
nancy worldwide and is the second leading cause of cancer death
among men [1,2]. This cancer tends to be asymptomatic and slow
growing, often with onset in young men, but usually not detected until
the age of 40-50years [3]. The prevalence of prostate cancer has a
strong ethnic propensity, with a higher incidence among Europeans and
African Americans than in others [4]. The conventional methods for
PCa screening recommended by the American Cancer Society are serum
prostate specific antigen (PSA) testing and digital rectal examination
(DRE) [5]. However, these methods have some drawbacks due to their
sensitivity, specificity and accuracy [6-8]. In 2018, the U.S. Preventive

Services Task Force (USPSTF) issued new guidelines stating that the
PSA test may provide little benefit for some men and that it should not
be used for routine screening. Rather, it should be offered for selected
patients depending on individual circumstances [9]. Therefore, the
development of specific prostate cancer markers, and methods for de-
tecting these markers, remains crucial.

In 1999, Prostate Cancer Antigen gene 3 (PCA3) was determined to
be a gene specifically expressed in PCa [10]. The PCA3 gene is located
on the long arm of chromosome 9, is 23 kb long, and contains four
exons. According to various termination codons, PCA3 RNA is not
translated into protein and is defined as a long non-coding RNA [10].
The gene is overexpressed in cancer tissue from 10- to 100-fold in
comparison with the expression in adjacent benign prostate tissue.

Abbreviations: AuNP, gold nanoparticle; RT-PCR, reverse transcriptase polymerase chain reaction; PCA3, prostate cancer antigen 3; PCa, prostate cancer; DRE,
digital rectal examination; PSA, prostate specific antigen; BPH, benign prostate hyperplasia; FDA, US Food and Drug Administration; USPSTF, US Preventive Services
Task Force; ATCC, American Type Culture Collection; SPR, surface plasmon resonance; NTC, no-target control; PBS, phosphate buffer saline; FBS, fetal bovine serum;

EGF, epidermal growth factor; BPE, bovine pituitary extract
* Corresponding author.
E-mail address: warawan.eia@mahidol.ac.th (W. Eiamphungporn).

https://doi.org/10.1016/j.cca.2018.10.036

Received 6 September 2018; Received in revised form 19 October 2018; Accepted 29 October 2018

Available online 30 October 2018
0009-8981/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/00098981
https://www.elsevier.com/locate/cca
https://doi.org/10.1016/j.cca.2018.10.036
https://doi.org/10.1016/j.cca.2018.10.036
mailto:warawan.eia@mahidol.ac.th
https://doi.org/10.1016/j.cca.2018.10.036
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cca.2018.10.036&domain=pdf

K.P.P. Htoo et al.

Clinica Chimica Acta 488 (2019) 40-49

- & g 5 03
RS s . )
Mo ™ %
Target : . . rn, A S /W:\Lﬁp % gyj\w 025 s
purification - NaCl S5 S mofy AU
present 000N AR S TN e '
> . g 5 % £3 g 77% 015 )
mf’;% g{iﬂ ' pcaz ()
oo AL oo 0.05
\pr;"ﬁf : {,?:a 400 600 800
TEEY
N\ PCR
RVAY
03 =
i 1 o G
Target A purification g NaCl
+ o u
Absent A => o pt 0.15
T ot
PCA3 (-)
0.05
400 500 600 700 800
\/\. PCA3 thiol forward primer N_/"\L PCA3 reverse primer ROV,  Thiolated PCA3 PCR product
AUY Citrated GNP @ Aggregated GNP
Fig. 1. A schematic representation of the AuNP-based colorimetric assay for detection of PCA3 in urine sediments.
Table 1 blue [23,24]. AuNP-based DNA assays are typically classified as being

List of primers used in this study.

Primer Sequence (5'—3")

PCA3 forward primer (RT-PCR)
PCA3 thiolated forward primer (RT-PCR)
PCA3 reverse primer (RT-PCR)

GCTGACTTTACCATCTGAGG
Thiol-GCTGACTTTACCATCTGAGG
ATGGAGAATGTTGGGCCCAGAAG

PCA3 forward primer (RT-qPCR) GCTGACTTTACCATCTGAGG
PCA3 reverse primer (RT-gPCR) GATCTCTGTGCTTCCTTTTG
GAPDH forward primer [34] CAGCCTCAAGATCATCAGCA
GAPDH reverse primer [34] TGTGGTCATGAGTCCTTCCA

Moreover, PCA3 RNA is also detectable in prostate cancer cells found in
urine sediments collected after DRE [11]. For this reason, the PCA3
gene has shown promise as a non-invasive PCa biomarker. Recently, the
Progensa PCA3 test using the PCA3/PSA RNA ratio (PCA3 score) in
urine has been developed commercially and approved by the US Food
and Drug Administration (FDA) as a diagnostic test for clinical use
[12,13]. This test is the first FDA-approved, urine-based molecular di-
agnostic test recommended for men with elevated serum PSA and a
previous negative biopsy [14,15]. When used in combination with
other clinical parameters, the use of this test can reduce the need for
unnecessary prostate biopsies [16]. The Progensa assay is based on two
quantitative nucleic acid amplifications with high sensitivity and spe-
cificity [17]. However, it is time-consuming, expensive and requires a
sophisticated instrument. Therefore, a simple, rapid and cost-effective
method is needed for PCA3 detection.

Colorimetric assays are simple methods since they enable rapid vi-
sual detection without the need for complicated equipment [18-20]. In
recent years, metal nanoparticles [particularly gold nanoparticles
(AuNPs)] have been extensively employed for colorimetric detection
due to their unique optical properties. These include a color change
associated with the transition of colloidal AuNPs from dispersed to
aggregated states [21,22]. The AuNP aggregation results in a shift in
surface plasmon resonance (SPR)-related absorption (~520nm to
~ 650 nm) causing a colorimetric change in the test solution from red to
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either ‘labeled’ or ‘label-free’ [25]. Labeled AuNPs are customarily
modified with single-stranded DNA and allowed to hybridize with a
complementary target DNA sequence [26]. This modified-AuNP
strategy is complicated, laborious, expensive and time-consuming,
therefore it has not been adopted for routine use [27]. To overcome
these limitations, unmodified AuNPs are utilized directly for label-free
colorimetric detection methods. Unmodified AuNPs provide simple,
inexpensive and rapid detection of various DNA sequences [28,29] and
RNA sequences [30]. They are usually employed for the detection of
amplified PCR products. One strategy involves the use of a thiolated
PCR primer combined with unmodified AuNPs [31,32]. Typically,
AuNPs will aggregate (blue color) in a salt solution. In the presence of
thiol-labeled PCR products, DNA molecules strongly bind to the surface
of AuNPs and the long chains of DNA which have abundant negative
charges enhance the electrostatic and steric repulsion among AuNPs,
which consequently leads to the prevention of the salt-induced ag-
gregation (red color) [29,33]. The color change can be monitored as a
shift of SPR absorption or can even be observed by the naked eye. This
assay offers further advantages over gel electrophoresis which is la-
borious and requires the use of ethidium bromide, a known carcino-
genic agent, for DNA visualization.

In this study, a simple and rapid colorimetric assay based on un-
modified AuNPs and a thiol-labeled PCR primer was developed to de-
tect PCA3 in urine samples for PCa diagnosis. An overall schematic of
this method is presented in Fig. 1. The proposed method provides high
sensitivity and specificity. Our method is promising for use with a
colorimetric sensor since it is capable of distinguishing the urine of PCa
patients from that of both healthy subjects and benign prostatic hy-
perplasia (BPH) patients.
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Fig. 2. Effect of thiol-labeled PCR primer on PCR
efficiency and salt-induced aggregation of AuNPs.
(A) PCR products analyzed by 1.5% agarose gel
electrophoresis. Lane M, 100 bp ladder; Lane 1, PCR
products from thiol-labeled primer; Lane 2, PCR
products from unlabeled primer; NTC, no-target
control. (B) Mixtures of AuNPs and PCR products
after addition of salt solution. The order of the re-
actions is similar to gel electrophoresis. (C)
Absorption spectra of the AuNP solutions containing
the products obtained from thiol-labeled primer,
unlabeled primer and NTC.
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2. Materials and methods
2.1. Materials and reagents

AuNPs with the size of 10 nm were purchased from Sigma Aldrich
(St. Louis, MO, USA). Media and reagents required for cell culture,
namely Roswell Park Memorial Institute (RPMI) 1640 medium,
Dulbecco's Modified Eagle's Medium (DMEM) and sodium pyruvate
(100 mM), were obtained from Hyclone (Logan, UT, USA), while ker-
atinocyte serum free medium (K-SFM), fetal bovine serum (FBS), pe-
nicillin-streptomycin (10,000 U/mL penicillin, 10 mg/mL strepto-
mycin), bovine pituitary extract (BPE) and human recombinant
epidermal growth factor (EGF) were purchased from Gibco (Calsbad,
CA, USA). All specific primers and a thiolated forward primer for am-
plification were ordered from Integrated DNA Technologies, Inc.
(Skokie, IL, USA). SsoAdvanced Universal SYBR Green Supermix was
obtained from Bio-Rad (Hercules, CA, USA). RevertAid First Strand
cDNA synthesis kit and Phusion high-fidelity DNA polymerase were
purchased from Thermo Fisher Scientific (Waltham, MA, USA). i-Taq
plus DNA polymerase was from iNtRON Biotechnology (Gyeonggi-do,
South Korea). NucleoSpin gel and PCR clean-up kit was obtained from
Macherey-Nagel GmbH & Co. KG (Duren, Germany).

2.2. Cell culture

RWPE-1 (ATCC CRL-11609) prostate epithelial cell line, LNCaP
clone FGC (ATCC CRL-1740) and VCaP (ATCC CRL-2876) prostate
cancer cell lines were purchased from the American Type Culture
Collection (ATCC, Rockville, MD, USA). LNCaP was propagated in
RPMI 1640 medium along with 10% FBS and 1% penicillin-strepto-
mycin. VCaP was cultured in DMEM supplemented with 10% FBS, 1%
penicillin-streptomycin and 1 mM sodium pyruvate. For RWPE-1, K-
SFM with 5ng/mL EGF and 50 pg/mL BPE were used for culture. All
cell lines were incubated in a humidified atmosphere of 5% CO, at
37°C.
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2.3. Urine sample preparation

Spot urine samples from 5 healthy male volunteers, first voided
post-DRE urine from 5 BPH patients and from 5 PCa patients were
provided by the Division of Urology, Department of Surgery, Faculty of
Medicine Ramathibodi Hospital, Mahidol University. Diagnosis of pa-
tients was made by histopathological analysis after prostate biopsy
subsequently. PCa patients were identified with positive biopsy. This
study was approved by the Committee on Human Rights Related to
Research Involving Human Subjects, Faculty of Medicine Ramathibodi
Hospital, Mahidol University (MURA2016/34). Written informed con-
sent was obtained from all subjects in the study. The urine samples were
collected and then centrifuged at 4 °C, 3000 rpm for 10 min to separate
the cells. Cell pellets were washed twice by PBS, pH 7.0. Finally, TRIzol
reagent (Invitrogen, CA, USA) was added to the sediments which were
then stored at —20 °C until RNA isolation.

2.4. RNA extraction and cDNA synthesis

Total RNA was isolated from the cell pellets of urine as well as from
cell lines with TRIzol reagent. 500 ug of total RNA was converted to
cDNA using RevertAid First Strand cDNA synthesis kit according to the
manufacturer's instructions and stored at — 20 °C until use.

2.5. RT-PCR and PCR purification

PCA3 amplification was performed using a thiol-labeled or un-
labeled forward primer, and an unlabeled reverse primer. The se-
quences of primers are shown in Table 1. Thiolated PCR products
contained thiol-labeling at the 5’ end. PCR was carried out in a 50 pL
reaction mixture containing 0.05 ug of cDNA template, 0.5 uM of each
primer, 1 X PCR reaction buffer, 0.2 mM dNTPs and 2.5U i-Taq DNA
polymerase. Of note, to amplify PCA3 from cDNA of clinical samples,
2.5U Phusion high-fidelity DNA polymerase was applied in the PCR
reaction instead of i-Taq DNA polymerase. The cycling procedures were
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Fig. 3. Specificity analysis of AuNP-based colorimetric assay. (A) PCR products of PCA3 (upper gel) and GAPDH (lower gel) analyzed by 1.5% agarose gel elec-
trophoresis. Amplicon sizes of PCA3 and GAPDH were 838 bp and 106 bp, respectively. Lane M, 100 bp ladder; Lanes 1-3, PCR products from LNCaP, VCaP and
RWPE-1, respectively; Lane NTC, no-target control. (B) Visual detection by the naked eye of AuNPs mixed with corresponding thiolated PCA3 products from LNCaP,
VCaP and RWPE-1 in wells 1-3, respectively. (C) UV-vis spectral analysis of the AuNP solutions containing PCR products and NTC. The order of the reactions is
similar to gel electrophoresis. A520/A640 ratio determined by UV-vis spectrophotometer. Each bar represents the mean + SD obtained from three experiments. The

statistical analysis utilized the t-test. *P-value < .05 compared with NTC.

set for 5min at 95 °C, followed by 30 cycles of 30s at 95°C, 30s at
50°C, and 90s at 72°C, and finally extension 10 min at 72 °C. After
amplification, 10 pL. PCR products were analyzed by agarose-gel elec-
trophoresis. The PCR amplicon size was 838 bp. The rest of PCR pro-
ducts were purified and eluted using gel and PCR clean-up kit according
to the manufacturer's instructions. GAPDH gene, a housekeeping gene,
was used as a control to check cDNA quality. To amplify GAPDH, the
cycling procedures were performed as followed: initial denaturation at
95 °C for 5 min followed by 30 cycles of denaturation at 95 °C for 30s,
annealing at 50 °C for 30s, extension at 72 °C for 30s, and a final ex-
tension step of 5 min. The sequences of primers are shown in Table 1.
The PCR amplicon size was 106 bp.

2.6. PCA3 detection using AuNP-based colorimetric assay

After PCR purification, 5 pL of thiolated or unlabeled PCR products
was added to 80 pL colloidal AuNP solution followed by the addition of
16 uL of 5 M NacCl (0.69 M) to induce aggregation of AuNPs. A no-target
control (NTC) was performed as a negative control. All assays were run
in triplicate in 96-well microplates. Spectral scanning in the visible
region (400-700 nm) was achieved by microplate reader (BioTek Inc.,
Winooski, USA) after incubation for 5-10 min.

2.7. Specificity and sensitivity tests

The specificity of the assay was determined using 5 pL. PCR products
amplified from each cell line mixed with the AuNP solution according
to the above protocol. To demonstrate the sensitivity of the colorimetric
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assay, thiolated PCR products of PCA3 were diluted in a serial two-fold
manner (1000 ng to 7.8 ng). Subsequently, 5uL of each diluted PCR
product was assayed in the same manner as previously described.

2.8. qRT-PCR

qRT-PCR was used as a confirmation method. Primers for qRT-PCR
are listed in Table 1. Each PCR reaction was composed of 1 X SsoAd-
vanced universal SYBR Green supermix, 0.5uM of each primer and
25ng of cDNA template. qQRT-PCR for PCA3 and GAPDH was pro-
grammed for 3 min at 95 °C, followed by 40 cycles of 20's at 95 °C and
30s at 60°C. The baseline threshold was adjusted and the Ct was
analyzed. Melt curve analysis was analyzed by CFX™ manager software
3.1 (Bio-Rad, Hercules, CA, USA). Gel electrophoresis was performed to
confirm the presence of PCR products. Finally, the relative expression
level of PCA3 was calculated by a 244 relative quantification method
according to the manufacturer's instruction.

2.9. Statistical analysis

Data were analyzed by SPSS PASW Statistics 25 (SPSS Inc., Chicago,
USA) and represented as mean * standard deviation (SD). The differ-
ences between groups in each experiment (samples from cell lines and
subjects) were compared using t-tests. Statistical significance was de-
fined as a P-value < .05.
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Fig. 4. Sensitivity analysis of AuNP-based colorimetric assay. (A) Agarose gel electrophoresis showing different concentrations of thiolated PCR products of PCA3.
Lane M, 100 bp ladder; Lanes 1-8, PCR product concentrations as follows: 1000, 500, 250, 125, 62.5, 31.25, 15.6 and 7.8 ng, respectively; NTC, no-target control. (B)
Mixtures of the corresponding AuNP solutions containing different concentrations of thiolated PCR products after salt adding. The color change was evaluated by the
naked eye. (C) Absorption spectra of the AuNP solutions containing the different concentrations of the thiolated PCR products and NTC. The order of the reactions is
similar to gel electrophoresis. (D) Calibration curve for different concentrations of PCR products using thiol-labeled primer and the A520/A640 ratios. A520/A640
ratio determined by UV-vis spectrophotometer. Each bar represents the mean * SD obtained from three experiments. The statistical analysis utilized the t-test. *P-
value < .05 compared with NTC.

Table 2 3. Results
Relative PCA3 expression level and characteristics of participants.

Sample Age Serum PSA (ng/  Final diagnosis  Relative PCA3 expression 3.1. The effects of thiol-labeled primer on AuNP-based colorimetric assay

mL) level®
In order to evaluate the PCR efficiency, thiol-labeled PCR primer
b
x; ii 2-268 Eomai Eg and conventional unlabeled PCR primer were employed for RT-PCR.
o orma: .

M3 7 193 Nogmal ND cDNA .from the LNCaP cell line was used as a template. Gel electrf)—
M4 43 0.148 Normal ND phoresis was employed to analyze the PCR products. As shown in
M5 35 0285 Normal ND Fig. 2A, both primers yielded 838 bp PCR products with similar in-
Bl 65  9.49 BPH 0.40 tensities. This result indicated that the efficiencies of thiol-labeled
B2 79 1827 BPH 0.07 primer and conventional primer were almost identical. To confirm the
B3 57 80 BPH 0.02 . . . - . .
B4 67 774 BPH 0.26 role of thiol on AuNPs in preventing their salt-induced aggregation,
B5 51 2498 BPH 0.06 thiol-labeled and unlabeled PCR products were applied to the AuNP
P1 70 43.03 Prostate cancer ~ 3.73 solution. As expected, the AuNP solution with unlabeled PCR products
Pi 7‘1‘ i: " Prostate cancer ?-43003 immediately changed from red to blue, while the AuNP solution with
P 7 . Prostate cancer 7. . . . .
P4 55 294 Prostate cancer  142.02 thlol-liabeled products remained re.d after adding salt (Fig. 2B). Spectral
P5 76 3871 Prostate cancer  20.61 scanning of red and blue solutions showed peaks at 520nm and
C 63 1.14 BPH 1.0 600 nm, respectively (Fig. 2C). The result suggested that the thiol-la-

beled primer played a role in blocking the AuNP aggregation induced
& Comparing to the calibrator (C). by salt.

> ND = Not detectable.
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Fig. 5. PCA3 detection from urine of PCa patients. (A) PCR products of PCA3 (upper gel) and GAPDH (lower gel) analyzed by 1.5% agarose gel electrophoresis.
Amplicon sizes of PCA3 and GAPDH were 838 bp and 106 bp, respectively. Lane M, 100 bp ladder; Lane PC, PCR products from LNCaP cells; Lanes P1-P5, PCR
products from urine of PCa patients; Lane NTC, no-target control. (B) AuNP-based colorimetric assay. Color change was visualized by the naked eye. The order of the
reactions is similar to gel electrophoresis. (C) Absorption spectra of mixtures of AuNP solutions and samples. A520/A650 ratio determined by UV-vis spectro-
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photometer. Each bar represents the mean
NTC.

3.2. Specificity test

The specificity of PCA3 expression was investigated by using cDNA
templates extracted from various cell lines, i.e., LNCaP and VCaP as
prostate cancer cell lines and RWPE-1 as a prostate epithelial cell line.
The quality of the cDNA templates was examined by RT-PCR using
specific primers for the GAPDH gene. As shown in Fig. 3A, 106 bp PCR
products of GAPDH were amplified from the cDNA of all tested cell
lines. This result indicated the good quality of the cDNA templates.
Notably, 838 bp PCR products of PCA3 were detected from both LNCaP
and VCaP cell lines, while not detected from RWPE-1. In the colori-
metric assay, these PCR products were added to AuNP solutions. After
adding salt, the AuNP solutions containing thiol-labeled PCR amplicons
remained red, whereas color change was observed in the AuNP solu-
tions containing non-amplified PCR products (Fig. 3B). The color could
be distinguished by the naked eye. Spectral scanning of each tested
solution is shown in Fig. 3C. Moreover, the A520/A640 ratio was used
to compare positive (red) and negative (blue) results. The ratios of
positive results were significantly greater than those of negative results
(Fig. 3C).

3.3. Sensitivity test and detection limit

To verify the sensitivity of this method, different concentrations of
PCR products amplified from the LNCaP cell line were applied to the
system. Color changes of AuNP solutions were observed by the naked
eye and then scanned within the absorption spectra ranging from 400 to
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SD obtained from three experiments. The statistical analysis was evaluated by t-test. *P-value < .05 compared with

700 nm. The same concentrations of PCR products were also subjected
to gel electrophoresis. At < 62.5 ng of PCR products, no band appeared
on the gel electrophoresis (Fig. 4A). Interestingly, the red color was
obviously detected at 31.25ng of PCR products. Moreover, the A520/
A640 ratio at this concentration was also statistically different than that
of the NTC. As a result, the detection limit of the assay was approxi-
mately 31.25ng (Fig. 4B). These results indicated that the proposed
colorimetric assay was more sensitive than gel electrophoresis. The
absorption spectra were shifted when decrease of PCR product con-
centrations (Fig. 4C). Notably, the intensity of blue color increased with
lower amounts of thiol-labeled amplified DNA. The degree of color
change (A520/A640) was linearly dependent on the concentration of
thiolated PCR products (R%2 = 0.9798) as shown in Fig. 4D. These
findings clearly indicated that the presence of thiol-labeled DNA caused
an increase in the resistance to salt induced-aggregation of AuNPs.

3.4. PCA3 detection in urine samples using AuNP-based colorimetric assay

After establishing assay specificity and sensitivity, the AuNP-based
colorimetric assay was utilized for detection of PCA3 in clinical sam-
ples. Fifteen clinical urinary samples used in this study: 5 were from
BPH patients, 5 were from biopsy-proven PCa patients and the re-
maining 5 were from healthy controls. In order to verify our detection
system, all samples were tested for PCA3 expression by qRT-PCR. The
relative PCA3 expression level in urine from PCa patients was sig-
nificantly higher than that from both healthy subjects and BPH patients
(Table 2). Thiolated PCR products of PCA3 were amplified from cDNA
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NTC.

of subjects by RT-PCR. The quality of the cDNA samples was in-
vestigated by GAPDH amplification. By gel electrophoresis, PCA3 was
detected only in PCa samples, while no band was observed in samples
from other groups (Figs. 5A, 6A, 7A). Of note, GAPDH products were
amplified and detected from all samples, reflecting the cDNA integrity
(Figs. 5A, 6A, 7A). Thiolated PCR products were added into the AuNP
solutions. As expected, no observable color change was detected when
thiolated PCR products from PCa patients were tested (Fig. 5B). How-
ever, an obvious color change was visualized when samples from both
BPH patients and healthy subjects were tested as well as the NTCs
(Figs. 6B, 7B). The A520/A640 ratio of each sample was calculated and
graphs were plotted as shown in Figs. 5C, 6C, 7C. Notably, the average
A520/A640 ratio from all positive samples was significantly greater
than that of negative samples (P-value < .05) and higher than the
cutoff point of 1.5.

4. Discussion

PCA3, along non-coding RNA, is found to be strongly overexpressed
in PCa tissue compared to normal prostate tissue [35]. Moreover, pre-
vious studies indicate that the expression of PCA3 in urine of PCa pa-
tients is high, while its expression is low or undetectable in BPH and
normal subjects [36-38]. This characteristic of PCA3 makes it a pro-
mising PCa biomarker [39]. Over the past decade, examination of PCA3
gene expression by various approaches was extensively studied [16,40].
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SD obtained from three experiments. The statistical analysis was evaluated by t-test. *P-value < .05 compared with

In this process, the Progensa PCA3 commercial assay (Hologic Gen-
Probe, Marlborough, MA, USA) was developed. However, this assay is
not ideal for routine clinical screening due to its high cost and need for
specialized instrument.

In the present study, the AuNP-based colorimetric assay for de-
termination of PCA3 in urine was established. This assay used a strategy
of combining RT-PCR and AuNP-based colorimetric methods.
Unmodified AuNPs and a thiol-labeled primer were used to generate a
visual detection readout. To evaluate the PCR efficiency of thiol-labeled
and unlabeled primers, PCR reactions were performed using both pri-
mers. The results revealed that thiol-labeled primer did not disturb the
PCR reaction as compared to the unlabeled primer. This is consistent
with the results of previous studies demonstrating that no reduction in
band intensity of PCR products when a primer was thiolated [33,41].
Notably, thiol-labeled products prevented salt-induced AuNP aggrega-
tion, while neither unlabeled PCR products nor NTC did so (Fig. 2B).
Thiolated PCR products bind to unmodified AuNPs as a result of the
strong interaction between thiol groups and the gold surface. The DNA
grafted on AuNP surfaces forms a thick barrier which protects each
particle from coming close to another [42]. These properties cause an
increase in steric repulsion between neighboring DNA-bound AuNPs,
which results in a resistance to color change due to salt-induced na-
noparticle aggregation. On the other hand, AuNPs which lack thiolated
PCR products undergo an abrupt and easily observed color change
caused by particle aggregation upon the addition of salt solution [30].



K.P.P. Htoo et al.

GV ©
M PC Bl B2 B3 B4 BS

2.5-
1000 bp - 209

1.54

500 bp -

A520/A640

Clinica Chimica Acta 488 (2019) 40-49

M PC Bl B2 B3 B4 BS NIC 0.

500 bp -
0.300

100 bp -

0.250

0.200
®)

Absorbance, OD
(=]
2

0.100

0.050

0.000

400

—PC

450 500 550 600 650 700 750 800
Wavelength, nm
—-B1 ——B2 ---B3 ——B4 ----- B5S NTC

Fig. 7. PCA3 detection from urine of BPH patients. (A) PCR products of PCA3 (upper gel) and GAPDH (lower gel) analyzed by 1.5% agarose gel electrophoresis.
Amplicon sizes of PCA3 and GAPDH were 838 bp and 106 bp, respectively. Lane M, 100 bp ladder; Lane PC, PCR products from LNCaP cells; Lanes B1-B5, PCR
products from urine of BPH patients; Lane NTC, no-target control. (B) AuNP-based colorimetric assay. The color change was visualized by the naked eye. The order of
the reactions is similar to gel electrophoresis. (C) Absorption spectra of mixtures of AuNP solutions and samples. A520/A640 ratio determined by UV-vis spec-
trophotometer. Each bar represents the mean = SD obtained from three experiments. The statistical analysis was evaluated by t-test. *P-value < .05 compared with

NTC.

Our AuNP solutions containing thiolated PCR products remained red
after salt addition. The spectral scanning of these solutions displayed an
absorption peak at 520nm representing the dispersed state of the
AuNPs. In contrast, a shifted peak (approximately 600 nm) was ob-
served with solutions containing unlabeled products or NTC, indicating
the aggregation of AuNPs after salt addition. Of note, our study ex-
hibited a similar peak for solutions containing thiolated PCR products.
However, the absorption spectra of solutions containing the unlabeled
products or NTC were different from those previously reported [30,41].
Those studies showed a broad band ranging from 550 to 650 nm. This
might be due to differing properties of the AuNPs used in each study.
Nevertheless, the color change was obvious when the solutions were
monitored by the naked eye.

Since it was demonstrated that the length of thiolated PCR products
affects the degree of AuNP aggregation, increase in the length of PCR
products leads to an enhancement of resistance to salt-induced ag-
gregation [43]. In this study, 838 bp PCR products of PCA3 were added
to the detection system. The results revealed that this PCR length can
protect the salt-induced aggregation. We also performed the test using
167 bp PCR products. However, this thiolated product did not block
aggregation (data not shown). Importantly, our assay was highly spe-
cific for the PCA3 target. The assay showed positive results (red color)
when samples from prostate cancer cell lines were examined (Fig. 3B).
In the literature, PCA3 is significantly expressed in androgen receptor
(AR)-positive PCa cells such as LNCaP and VCaP [44]. There is no false
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positive when tested with normal prostate cells (RWPE-1). Amplifica-
tion of GAPDH conducted as a control validated the successful RNA
isolation and cDNA synthesis from all cell lines (Fig. 3A). Gel electro-
phoresis also confirmed the specificity of the primers. Normally, AuNP
colorimetric assays are moderately sensitive in the nanomolar range
[45]. The detection limit of this developed assay was determined to be
31.25ng which is in the same range as previous studies [32,41]. The
results exhibited that different concentrations of PCR products formed a
good linear relation with A520/A640 ratios (Fig. 4D). When the con-
centration of target PCA3 was increased, the peak shape red-shifted
(Fig. 4C). Furthermore, our assay provided higher sensitivity compared
to gel electrophoresis (Fig. 4A and B). The developed method was able
to detect PCR products with concentrations =31.25 ng which were not
detected by gel electrophoresis. The colorimetric assay was rapid
compared to gel-based detection, requiring < 10 min to complete.

To illustrate the potential clinical utility of this colorimetric assay,
15 urinary samples were assayed; good agreement was seen between
our colorimetric assay results and qRT-PCR results (Table 2). As com-
pared with qRT-PCR, the proposed assay cannot quantitate the copy or
expression level of PCA3 but is appropriate for use as a screening assay.
The assay could visually detect PCA3 in urine of all PCa patients, with
different results observed when urine from both healthy controls and
BPH patients were assayed (Figs. 5B, 6B, 7B). These results indicated
that our assay can distinguish PCa patients from other participants.
Moreover, our method also showed a good reproducibility over
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independent runs (triplicate). Interestingly, some samples of PCa pa-
tients showed two bands of PCR products (838 and 611 bp) detected by
gel electrophoresis. Blast analysis suggested that a band of 611 bp could
be possibly due to the different transcript variant or isoform of PCA3.
However, this phenomenon did not affect detection. Taken together,
these results indicated that the developed colorimetric assay was ap-
plicable for detecting PCA3 in urine and could be readily adapted for
either the naked eye or spectrophotometrical readout platforms. Con-
sidering the sensitivity as well as speed and simplicity of naked eye
detection of color change, this assay may provide a rapid and con-
venient preliminary screening tool for routine PCa diagnosis. However,
further evaluation with larger sample sizes must be performed to verify
the reliability of the assay.

5. Conclusions

In this study, a sensitive and specific AuNP-based colorimetric
method for visual detection of PCA3 in prostate cancer was successfully
developed. This new method was based on interactions between thio-
lated PCR products and unmodified AuNPs. The positive and negative
results were clearly distinguished by the naked eye, being red and blue
color, respectively. Although it still required a RT-PCR step, post-PCR
analysis with gel electrophoresis was not needed in this method. The
incubation time was short and results were obtained within 10 min of
RT-PCR completion. Moreover, a large number of samples could be
tested simultaneously in 96-well microtiter plates. In short, this method
was simple, rapid, cost-effective and did not require complicated in-
struments. Given these advantages, this assay has the potential to be
used for PCA3 detection in urine. Significantly, the proposed method is
promising in that it discriminated PCa patients from healthy subjects
and BPH patients based on differing expression levels of PCA3 in their
urine sediments. To the best of our knowledge, this is the first approach
utilizing AuNPs to detect PCA3 for the accurate diagnosis of prostate
cancer.
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